The Qolqoleh gold deposit is located in the northwestern part of the Sanandaj-Sirjan Zone (SSZ), within the NE-SW trending Qolqoleh shear zone. Oligocene granitoids, Cretaceous meta-limestones, schists and metavolcanics are the main lithological units. Chondrite-normalised REE patterns of the ore-hosting metavolcanics indicate REE enrichment relative to hanging wall (chlorite-sericite schist) and footwall (meta-limestone) rocks. The pattern also reflects an enrichment in LREE relative to HREE. It seems that the LREE enrichment is related to the circulation of SO 4 2-and CO 2 -bearing fluids and regional metamorphism in the Qolqoleh shear zone. Both positive and negative Eu anomalies are observed in shear-zone metavolcanics. These anomalies are related to the degree of plagioclase alteration during gold mineralisation and hydrothermal alteration. In progressing from a metavolcanic protomylonite to an ultramylonite, significant changes occurred in the major/trace element and REE concentration. Utilising an Al-Fe-Ti isocon for the ore-hosting metavolcanics shows that Sc, Y, K, U, P, and M-HREE (except Eu) are relatively unchanged; S, As, Ag, Au, Ca, LOI, Rb and LREE are enriched, and Sr, Ba, Eu, Cr, Co and Ni decrease with an increasing degree of deformation. Based on geochemical features and comparison with other well-known shear zones in the world, the study area is best classified as an Isovolume-Gain (IVG) type shear zone and orogenic type gold mineralisation. Based on the number of phases observed at room temperature and their microthermometric behaviour, three fluid inclusion types have been recognised in quartz-sulphide and quartz-calcite veins: Type I monophase aqueous inclusions, Type II two-phase liquid-vapour (L-V) inclusions which are subdivided into two groups based on the homogenisation temperature (T h ): a) L-V inclusions with T h from 205 to 255°C and melting temperature of last ice (T m ) from -3 to -9°C. b) L-V inclusions with higher T h from 335 to 385°C and T m from -11 to -16°C. Type III three-phase carbonic-liquid inclusions (liquid water-liquid CO 2 -vapour CO 2 ) with T h of 345-385°C. The mean values of the density of ore-forming fluids, pressure and depth of mineralisation have been calculated to be 0.79-0.96 gr/cm 3 , 2 kbar and 7 km, respectively. The δ 18 O water and δD values of the gold-bearing quartz-sulphide veins vary from 7.2‰ to 8‰ and -40.24‰ to -35.28‰, respectively, which are indicative of an isotopically heavy crustal fluid and likely little involvement of meteoric fluid. The δ 18 O water values of the quartz-calcite veins have a range of -5.31‰ to -3.35‰, and the δD values of -95.65‰ to -75.31‰, which are clearly lower than those of early-stage quartz-sulphide-gold veins, and are close to the meteoric water line. Based on comparisons of the D-O isotopic systematics, the Qolqoleh ore-mineralising fluids originated from metamorphic devolatilisation of Cretaceous volcano-sedimentary piles. Devolatilisation of these units occurred either synchronously with, or postdates, the development of penetrative (ductile) structures such as shear zones and during overprinting brittle deformation.
Introduction
Orogenic gold deposits are related to collision settings and active orogenic belts (Bierlein et al., 2001) . They formed during compressional to transpressional deformation processes at convergent plate margins in accretionary and collisional orogens (Groves et al., 1998 (Groves et al., , 2000 Goldfarb et al., 2001) . These deposits are epigenetic and structurally controlled, and based on their depth of formation, are divided into epizonal, mesozonal, and hypozonal subtypes (Groves et al., 1998 (Groves et al., , 2000 Goldfarb et al., 2005) .
Except for the Zartorosht and Muteh gold deposits, which are located in the southeastern and central parts of the Sanandaj-Sirjan Zone (SSZ) (Fig.  1) , respectively, no major orogenic gold deposits have been recognised in Iran. Nevertheless, several gold occurrences have recently been explored in the northwestern SSZ (Fig. 2) . Previous studies of the Qolqoleh gold deposit have outlined some aspects of gold mineralisation (Aliyari et al., 2009 ) and the behaviour of major, trace and REEs during hydrothermal alterations (Aliyari et al., 2012) .
Many researchers have investigated shear-zone formation and various aspects of elements mobility and volume/mass changes during mylonitisation (Sinha et al., 1986; O'Hara, 1988; Dipple et al., 1990; Selverstone el al., 1991; Goddard & Evans, 1995; Condie & Sinha, 1996; Hippertt, 1998; Kwon et al., 2009) . Some investigations suggest that almost all major and many trace elements can be mobilised during mylonitisation (e.g., Dickin, 1988; O'Hara & Blackburn, 1989; Selverstone el al., 1991; Glazner & Bartley, 1991; Condie & Sinha, 1996; Rolland et al., 2003) . REE geochemistry is often used to characterise protoliths of metamorphosed and highly altered rocks (e.g., Taylor & McLennan, 1985; Vance & Condie, 1987; Murray et al., 1990) . However, these elements can also be mobilised during deformation and metamorphism (Dickin, 1988; O'Hara, 1990; Goddard & Evans, 1995; Condie & Sinha, 1996) .
The behaviour of REE and Y is strongly decoupled from that of other elements (except U-Ta-Th- Fig. 1 . Tectonic subdivision zones of the Zagros orogen, western Iran, and location of known gold deposits in the Sanandaj-Sirjan Zone (modified after Berberian, 1976; Eftekhar-Nezhad, 1981; Niromand et al., 2011) .
Hf) in the shear zone (Rolland et al., 2003) . Regarding REE mobility in shear zones, it is necessary to consider the mineralogical equilibria between fluids and REE-bearing minerals, as well as effects of pH, temperature, redox conditions and of potential ligands present in the mineralising fluid (Bau, 1991; Fourcade et al., 1989; Rolland et al., 2003) . Precipitation and dissolution of REE-bearing minerals at various stages of shear zone development is an indicator of changes in fluid chemistry in the individual shear zone. To study element behaviour during the deformation progress in shear zones, element distribution can be evaluated with Al-Ti-Fe isocon plots (Condie & Sinha, 1996) . Based on the isocon method and volume or mass change during deformation, shear zones are classified into three groups: (1) volume-conservative (isovolume); (2) volume-loss, Fig. 2 . Simplified geological map of the Saqqez-Sardasht-Piranshaher area (after Eftekhar-Nezhad, 1973) showing gold occurrences.
and (3) volume-gain (Condie & Sinha, 1996; Kwon et al., 2009 ). This paper focuses on the geochemistry of trace elements and REE during transition from protomylonite to ultramylonite conditions in the Qolqoleh shear zone. The best-fit Al-Ti-Fe isocon method is used to determine chemical and volume change during mylonitisation and development of shear zone. Detailed fluid inclusion analyses and stable isotope data are used to determine possible sources of mineralising fluid, and to propose a model for the Qolqoleh shear zone evolution.
Methodology
A total of about ninety-five surface rock samples were collected for petrographical and geochemical investigations. Twenty fine microscopic thin sections were prepared for petrographical studies. Nine intrusive rocks were analysed for major and trace elements using X-ray fluorescence (XRF) (Philips PW2400, equipped with an Rh-tube) at the Kansaran Binalood laboratory, Pardis Science and Technology Park, Iran. The detection limit for the major oxides is about 0.01 wt%, but it varies for trace elements (in ppm): Nb (1); Th and Rb (2); Y and Ni (3); Cr, V and Zr (4); Sr (5); and Ba (10). In addition, 18 metavolcanics, chlorite-sericite schist (hanging wall) and meta-limestone (footwall) samples were analysed for trace and rare earth elements using inductively coupled plasma mass spectrometry (ICP-MS) in the ACME Analytical Laboratories Ltd., Vancouver, Canada. Microthermometric studies were carried out to investigate the nature and evolution of the mineralising fluids, and to determine physicochemical parameters of gold deposition with respect to the regional metamorphic and magmatic conditions. The fluid inclusion studies were carried out on 10 polished, thin-sectioned quartz specimens. These studies were carried on both concordant gold-bearing quartz-sulphide, and discordant quartz-calcite veins and veinlets. Microthermometric measurements were obtained on a Linkhan THM 600 heating/freezing stage with a temperature range of -196 to 600°C, mounted on a Zeiss-Olympus petrographic microscope at the Iran Mineral Processing Research Center and Esfahan University. The system was calibrated with synthetic fluid inclusions (Sterner & Bodnar, 1984) at temperatures −56.6°C, 0.0°C, and 374.1°C. To avoid decrepitation of the inclusions, freezing was carried out prior to heating. For all final melting temperatures of CO 2 , precision is ±0.1°C. In this study, about 145 fluid inclusions were investigated by microthermometry. To minimise effects of post-entrapment modifications such as necking down and partial or total leakage, inclusions that have been affected by these phenomena, and those in very highly-deformed quartz grains and secondary inclusions were avoided. Ten quartz vein samples (concordant gold-bearing quartz-sulphide veins and discordant quartz-calcite veins) were selected for microthermometric measurements. The nature of inclusions, their contents (liquid-solid-gas), distribution patterns, types (primary, secondary, pseudosecondary), post-entrapment modification, shape, size and phase categories were studied and documented using a petrographical microscope at varying magnifications following the techniques outlined by Roedder (1984) and Touret (2001) .
Four quartz samples were analysed for δ 18 O and δD. The oxygen isotopic composition of two types of quartz was measured on O 2 evolved from laser-assisted fluorination and deuterium composition of inclusion fluids in both quartz vein types was measured on H 2 . Handpicked sampling was carried out from both concordant gold-bearing quartz-sulphide veins and discordant quartz-calcite veins. Quartz from these veins was crushed into 0.1-0.5 mm grains. All isotope analyses were performed in the Cornell stable isotope laboratory at the University of Cornell, USA. The external precision and accuracy for both δ 18 O and δD is ±0.2%.
Results for δ
18 O and δD are compared against the Vienna Standard Mean Ocean Water (V-SMOW).
Geological setting
During the Middle to Late Triassic, the Neo-Tethyan Ocean had opened up between Iran and Arabia, with two different platforms on either side (Berberian and King, 1981) . The subduction of Neo-Tethyan oceanic lithosphere beneath the southwestern border of central Iran eventually led to suturing of the Iranian and Arabian continents (e.g., Berberian and King, 1981; Alavi, 1994) , and subsequent continental convergence formed the Zagros Orogenic Belt (Fig. 1) .
The Zagros orogen is part of the extensive Alpine-Himalayan orogenic belt that formed during collision of the northeastern margin of the Arabian continental plate with the central Iranian microcontinent in the Cretaceous-Cenozoic (Berberian & King, 1981; Alavi, 1994; Mohajjel et al., 2003) . The northwestern boundary of the Zagros orogen is chosen to be the East Anatolian strike-slip fault in southeastern Turkey, and the southeastern boundary of the Zagros orogen is the Oman Line (Alavi, 2007) . This orogen consists of three distinctive par-allel tectonic zones from the northeast to southwest including ( Fig. 1) 1 ) the Cenozoic Urumieh-Dokhtar magmatic (UDMA); 2) the Sanandaj-Sirjan Zone (SSZ), and 3) the Zagros fold belt (Alavi 1994 (Alavi , 2007 Mohajjel et al. 2003; Agard et al. 2005; Sheikholeslami et al. 2008; Niromand et al., 2011) .
The Sanandaj-Sirjan Zone, which hosts Qolqoleh and other gold occurrences, covers a region of polyphase deformation, the latest reflecting the collision of the Arabian continent and the central Iranian microcontinent, and subsequent southward propagation of the fold-thrust belt (Alavi, 1994; Mohajjel et al., 2003, Sarkarinejad and Alizadeh, 2009 ). It is a major NW-SE trending structural zone that extends for more than 1,500 km length and approximately 200 km width to the northeast of the Zagros Thrust System and contains the metamorphic core of the Zagros continental collision zone in western Iran (Baharifar et al., 2004; Mohajjel et al., 2003; Sarkarinejad and Alizadeh, 2009 ). Different hypotheses have been proposed for the mechanism and exact timing of subduction and collision along this active margin (i.e., the Zagros orogen). These hypotheses can be classified into two groups according to the timing of initial subduction and continental collision (Fig. 3 ): 1) Many researchers believe that the initiation of oceanic subduction occurred in the Early to Late Cretaceous Moinevaziri, 1985; Alavi, 1994) and continental collision occurred in the Late Cre- Fig. 3 . Geotectonic model for the evolution of the northern part of the Sanandaj-Sirajan Zone (modified after Alavi, 1994; 2004; Agard et al., 2005; Niroomand et al., 2011 taceous-Early Paleocene (Alavi, 1994 (Alavi, , 2004 , and 2) In contrast, some workers consider the timing of initial subduction to be Late Triassic-Early Jurassic (Agard et al., 2005; Arvin et al., 2007; Omrani et al., 2008) and suggest that the continental collision occurred in the Neogene (Berberian, 1983; Shahabpour, 2005) . Deformed and mainly Mesozoic metasedimentary and metavolcanic rocks are located in the northwest to southeast of Iran (Mohajjel and Fergusson 2000) (Fig. 2) . In addition to Jurassic-Eocene subduction-related intrusions in SSZ along the northeastern margin (e.g., the Urumieh-Dokhtar volcanic arc), there is a belt of Cretaceous flysch and volcanic rocks (Figs. 1, 2 ) in the northwestern part of the SSZ (Azizi and Moinevaziri 2009 ). Palaeozoic and Mesozoic rocks of the SSZ are metamorphosed and highly deformed in the Zagros orogenic belt (Alavi, 1994; Berberian, 1995) . Eftekhar-Nezhad (1981) and Ghasemi & Talbot (2006) subdivided SSZ into two parts: 1) A belt of phyllite, metavolcanics and intrusive felsic rocks in the northwestern part of the SSZ, which were affected by deformation in the Late Cretaceous, and 2) Pre-Jurassic metamorphics and highly deformed post-Triassic sediments in the southeastern part. Recent studies by Azizi & Moinevaziri (2009) (Mohajjel et al., 2003; Azizi & Moinevaziri, 2009 ). According to Niromand et al. (2011) , the Cretaceous metamorphosed volcano-sedimentary rocks of the Sardasht-Piranshahr-Saqqez zone host the gold deposits of the northwestern SSZ. These units underwent greenschist facies metamorphism (Fig. 2) .
Geology of the Qolqoleh gold deposit
The Qolqoleh gold deposit is located at 36°08′08″ N, 46°06′08″ E in the northwestern part of the SSZ, 50 km southwest of Saqqez (Figs. 1, 2 ). This deposit is one of the gold occurrences of the Saqqez-Sardasht-Piranshaher gold-bearing zone. This zone has undergone deformation and greenschist facies metamorphism. Geochemical studies indicate that gold mineralisation in this zone is related to the ductile and brittle shear zones, which are suitable pathways for transportation and deposition of metals from ore-bearing fluids (Aliyari et al., 2007) . Rock units exposed in the study area include granitoid intrusive (as widespread outcrops of gneiss and granite-gneiss), phyllite, meta-limestone, chlorite-sericite schist, and metavolcanics (Fig. 4) . Meta- morphics, including chlorite-sericite schists, are the main component of hanging wall, whereas phyllite and meta-limestone constitute footwall. The area is affected by a NE-SW trending ductile-brittle shear zone. All rock units show different deformation intensity from less deformed to highly deformed. Propylitic, phyllic, and silicic are the main alteration zones in the area. Gold mineralisation is related to highly deformed silicified mylonite and ultramylonite units (Aliyari et al., 2009 ). The main mineralised zone is lens shaped, measuring about 2 km in length and 250 m in width. Based on geometry, texture, and mineralogy, the quartz veins are classified into concordant and discordant types. The discordant quartz veins, as saddle shapes and/or as fracture fillings, were developed along extensional fractures in the fold limb propylitic, phyllic, and silicic are the main alteration zones. The concordant quartz veins host gold mineralisation, although some gold concentrations are present in discordant veins in the adjacent sulphidised altered wall rock.
There are three deformational stages (D 1 , D 2 and D 3 ) in the structural history of the Sananda-Sirjan zone (Mohajjel et al., 2003) . Mesoscopic fold and planar schistosity took place during D 1 deformation during the Late Jurassic-Early Cretaceous. D 2 deformation produced the shear zone trending NW-SE due to Afro-Arabian collision with the southwestern part of SSZ. The D 2 deformation episode led to the formation of dominant structures in the Qolqoleh (Mohajjel, 1997; Aliyari et al., 2009 ). Brittle to ductile shear zones formed as the D 3 deformation type in the Early Cenozoic.
Vein mineralogy
Field investigation shows two types of quartz veins: quartz-carbonate and quartz-sulphide.
Quartz-carbonate veins
These veins are characterised by low sulphide mineralisation. Mineralogy includes quartz (60 wt%), calcite (15 wt%), sericite-biotite (10 wt%), plagioclase (5 wt %), pyrite (<5 wt%), and chlorite and chalcopyrite (1-3 wt%). Quartz-carbonate veins cropped out mainly as dilation veins (Fig. 5A) . The cross-cutting relationship suggests that silicification postdated carbonatisation (Fig. 5B ). Relict patches of carbonates and rounded margins are common in the quartz matrix (e.g. Fig. 6A , B).
Quartz-sulphide veins
Quartz-sulphide veins extend along mylonite induced foliations and host the greatest sulphide mineralisation in the area. These NW-SE trending veins are mostly widespread and occur in the mineralised parts of shear zones (Fig. 6C ). The mineralogy includes quartz (70 wt%), plagioclase (10 wt%), biotite-sericite (10 wt%), and pyrite (> 5 wt%); chlorite and chalcopyrite are present as accessory minerals (Fig. 6D ).
Geochemistry
Major and trace element geochemistry of nine samples from plutonic rocks (Table 1) suggests that the Qolqoleh gold deposit resulted from a sub-alkaline magma emplacement in a volcanic arc setting (Fig. 7A, B) .
Except for a very high fluid/rock ratio (Michard, 1989) , REEs with low solubility are relatively immobile during low-grade metamorphism, weathering and hydrothermal alteration (Rollinson, 1993) . Some studies (e.g., Dickin, 1988; O'Hara, 1990; Glazner & Bartley, 1991) have shown that REE can be remobilised during deformation and metamorphism. According to Lottermoser (1992) , very high fluid/rock ratios are necessary to make significant changes in the REE pattern of silicate-rich rocks during diagenesis and metamorphism.
The REE diagrams (Fig. 8) show enrichment in the shear zone (ΣREE = 247 ppm) relative to hanging wall and footwall units (ΣREE = 143 ppm and ΣREE = 50 ppm, respectively; Table 2 ). These patterns also reflect enrichment in LREE relative to HREE. In addition, it shows a stronger negative LREE slope compared to HREE. Both positive and negative Eu anomalies are observed in the metavolcanics of the shear zone (e.g. Fig. 8A , B). Europium replaces Ca in plagioclase, so the negative and positive Eu anomalies correspond to the degree of plagioclase decomposition (Kikawada, 2001) or addition of plagioclase during hydrothermal alteration. Relative depletion of REE and absence of a Eu anomaly in the hanging wall (sericite-chlorite schist) and footwall (meta-limestone) ( Fig. 8C ) are likely due to deformation and alteration processes. There is also the fractionation of LREE relative to HREE; (La/Lu) N ratios of metavolcanic, hanging wall and footwall samples are 12.77 (ppm), 12.98 (ppm), and 8.8 (ppm), respectively (Table 2) .
Element mobility during mylonitisation
There are spatial and temporal relationships between the intensity of deformation and element distribution in the metavolcanic host rocks that have experienced various degrees of deformation. The highly deformed ultramylonitic units occur with ore-bearing zones in the inner parts of the Qolqoleh shear zone. High degrees of chloritisation, silicification and sulphidisation in the inner parts of the Qolqoleh shear zone are interpreted as reflecting an increased degree of deformation or changing conditions from weakly deformed rocks (protomylonite, more than 50 wt% porphyroclast) to highly deformed and sheared rocks (ultramylonite, less than 10 wt% porphyroclast) in the metavolcanic units, whereas low-deformed protomylonitic units are found in the outer parts of the shear zone.
Significant changes in major, trace element, and REE chemistry have occurred during prograde deformation in the Qolqoleh metavolcanics. Ultramylonite rocks are characterised by a decrease in MgO and Na 2 O, and an increase in SiO 2 , CaO, and LOI. Relatively immobile components include P 2 O 5 , K 2 O, Fe 2 O 3 , Al 2 O 3 , and TiO 2 (Fig. 9A) .
In the Qolqoleh shear zone, U, Sc, Y, and Ba/Sr remained relatively constant throughout the deformation process, whereas Rb increased, and Th, Ba, and Sr decreased significantly during prograde deformation in the ultramylonites (Fig. 9B, C) . In the ultramylonite unit, LREEs were enriched while HREEs remained relatively constant (Fig. 9D) .
High gold concentrations in the metavolcanic units correlate with deformation intensity. There is a positive correlation between (La/Yb) n ratio and gold content in the mylonitic and ultramylonitic metavolcanics (Fig. 10A ). Au concentrations in the mylonite and ultramylonite units are 0.1-0.4 (ppm) and 1.3-4.5 (ppm), respectively (Tables 2, 3 ). The Sm/Nd ratio remains roughly constant during deformation (about 0.2) (Fig. 9D ). In the shear zone there are also obvious changes of the Eu/Eu* ratio with deformation and alteration intensity (Eu/Eu*: 1.43-2.34 ppm in mylonite zone, 0.39-0.63 ppm in ultramylonite zone). Mylonitic zones are characterised by a positive Eu anomaly (Eu/Eu* > 1) and lower gold content (Au = 0.1-0.4 ppm), whereas ultramylonite units show a negative Eu anomaly (Eu/Eu* < 1) and higher gold content (Au = 1.3-4.5 ppm) (Tables 2, 3 ; Figs. 9D, 10B). 
Calculation of chemical changes
Although changes in element concentration with increasing degree of deformation in shear zones have been well documented in the literature (Newman & Mitra, 1993; Goddard & Evans, 1995; Ingles et al., 1999; Hippertt, 1998; Kwon et al., 2009) , it is necessary to consider rock densities in order to identify element losses, gains, and changes in rock volume (Condie & Sinha, 1996) . Based on Gresen's equation (1967) , Grant (1986) developed an isocon diagram method for mass-balance analysis. As (Grant, 1986 (Grant, , 2005 Condie & Sinha, 1996) is used to investigate element behaviour in the Qolqoleh shear zone. The best-fit isocon closely approximates the constant Al-Ti-Fe isocon, but this is distinct from the isocons corresponding to either constant volume or constant mass. Based on the Al-Ti-Fe isocon diagram of metavolcanics, Si, S, Ca, As, Zn, Cu, Au, Ag, Sb, Bi, Pb, Rb, LOI, and LREE show enrichment, whereas Sr, Ba, Na, Eu, Mg, Th, Cr, Co, and Ni show depletion during prograded/prograding deformation (Fig. 11) . Relatively immobile elements include Al, Ti, Fe, Sc, Y, K, U, P and HREE (except Eu). An increase in Si, S, Zn, Pb, and Cu is consistent with sulphide, sericite and silicic alterations in the Qolqoleh shear zone. It seems that these elements precipitated during hydrothermal alteration by Si-bearing fluids, which contained bi-sulphide complexes in highly deformed zones. The occurrence of pyrite and galena corresponds to the enrichment of Au, Sb, As, and Ag in this unit. The increase in Ca and LOI is related to hydrous minerals (e.g. muscovite and epidote) in ultramylonites. Mg, Sr, Na, and Ba depletion is followed by decomposition of biotite and feldspar minerals during mylonitisation (Sinha et al. 1986; Condie and Sinha 1996) . In addition, other elements such as Cr, Ni, and Co have been depleted with increasing deformation intensity. Based on Rollinson (1993) , these elements are relatively immobile, and may be mobile on a local scale (McCuaig & Kerrich 1998).
Classification of the Qolqoleh shear zone
Based on changes in volume or mass during deformation, shear zones are classified into three types (O'Hara, 1988; O'Hara & Blackburn, 1989; Selverstone et al., 1991 , Bailey et al., 1994 Kwon et al., 2009 ): 1) Isovolume types indicating that no volume change occurred in the shear zones; these types of shear zones are commonly related to subvertical strike-slip setting (e.g., Kerrich et al., 1980) ; 2) Volume-loss types indicating that elements decreased during progression from protomylonite to ultramylonite; these shear zones are related to compressional tectonic settings (O'Hara, 1988; Dipple et al., 1990) , and 3) Volume-gain types which are related to transtensional tectonic settings (Glazner & Bartley, 1991; Bailey et al. 1994; Hippertt, 1998; Kwon et al., 2009) .
As illustrated in Fig. 12B , in the volume-loss shear zones with an increased degree of deformation, both Na 2 O and SiO 2 decrease, whereas in the IVG shear zone, Na 2 O decreases while SiO 2 increas- es. It seems that the decrease in Na 2 O and SiO 2 in the volume-loss shear zones is related to feldspar destruction because of passage of large amounts of fluid through shear zones (Glazner & Bartley 1991; Condie & Sinha 1996) . In contrast, the IVG ultramylonites often show petrographic evidence of syntectonic silicification. Each type of shear zone can be classified by using the Al 2 O 3 -TiO 2 diagram (Fig.  12A ). These oxides have been enriched in the volume-loss shear zones; whereas the IVG shear zones have been depleted (Condie & Sinha 1996) . The Qolqoleh shear zone is compared with other types of shear zones in the SiO 2 -Na 2 O and TiO 2 -Al 2 O 3 diagrams (Fig. 12) . By an increased degree of deformation or changing conditions from protomylonite to ultramylonite, SiO 2 increases while Na 2 O remains relatively constant (Fig. 12B) . Correspondingly, in the Al 2 O 3 -TiO 2 diagram, by an increased deformation intensity, TiO 2 and Al 2 O 3 decrease (Fig. 12A) . Based on these diagrams, the shear zone studied is classified as Isovolume-Gain (IVG) type.
Fluid inclusion

Fluid inclusion petrography
Based on the number of phases present at room temperature (Shepherd et al., 1985) and their microthermometric features, three fluid inclusion types were recognised: Type I monophase aqueous inclusions (V), Type II two-phase (liquid+va-pour) aqueous inclusions, and Type III three-phase carbonic-aqueous inclusions (liquid water-liquid CO 2 -vapour CO 2 ). Type II is the most abundant of the three inclusion types. In all types of inclusions, daughter mineral phases were absent.
Monophase aqueous inclusion (Type I)
These types of fluid inclusions occur in both quartz veins and are characterised by one phase (liquid or gas) at room temperature. They are transparent, have a spherical shape and vary in size (3 and 8 μm) (Fig. 13A, B) .
Aqueous two-phase fluid inclusions
(Type II) These inclusions are seen in both concordant gold-bearing quartz-sulphide veins, and barren quartz-calcite veins and are characterised by a vapour bubble in an aqueous liquid at room temperature, transparency and low relief. In these inclusions, vapour bubble occupies 25-40% of the total inclusion volume. Morphologically, they show variations from negative crystal to spherical, rectangular, elongate, oval or irregular forms, and their sizes range from 4 to 18 μm (Fig. 13C, D) . The primary to pseudosecondary inclusions occur as isolated single or clusters of randomly aligned inclusions.
Carbonic-aqueous inclusions (Type III)
These primary inclusions generally are 5-15 μm in size and consist of three phases, two immiscible liquids (liquid CO 2 + liquid water) and a small CO 2 vapour bubble at room temperature occupying 30% of the total inclusion volume. These inclusions may be irregular, oval or rounded in shape, but are found only in gold-bearing quartz-sulphide veins and veinlets (Fig. 13E, F) . Sinha (1996) , green-marked ones are average samples from the Qolqoleh gold deposit (the present study).
Fluid inclusion microthermometry
Initial melting of CO 2 phase (T M CO2 ), CO 2 homogenisation (T H CO2 ), and final melting of clathrate (T M Clath ) for CO 2 -bearing inclusions, as well as final melting of ice (T M ICE ) and total homogenisation (T H Total ) for aqueous inclusions were measured (Table 4) .
Data obtained from the microthermometric measurements and volume fraction estimates of the phases (for the purpose of transform melting and homogenisation temperatures and optical volume fraction estimates into bulk compositions and densities) were processed using the software packages Fluids (Bakker, 1999) and clathrates (Bakker, 1997) . Calculations of salinity for aqueous and carbonic aqueous inclusion, fractions of compositions, density of carbonic liquid and bulk fluid, and bulk molar volume of fluid inclusions were made using the FLINCOR program by Brown (1989) . The FLINCOR software and Bodnar (1983) diagram were used for density calculation. For pressure estimates in two- phase aqueous inclusions, the equation states of H 2 O in P-T projection were used (Diamond, 2003) .
Aqueous two-phase inclusions (Type II)
About 78% of the inclusions studied are aqueous inclusions (L+V). Based on T H , this type of inclusions is classified into two groups: a) Those with low-intermediate T h (205-255°C, with a sharp peak at 235°C; Fig. 14A ). The T M ICE of this type fluid inclusion ranges from -3 to -9°C (Fig. 14B) , indicating salinities between 5-13 wt% NaCl equivalent (with a high frequency at 11-12 wt% NaCl equivalent; Fig. 14C ) and bulk fluid densities between 0.84 and 0.96 gr/cm 3 (Fig. 15 ). This type of fluid inclusion is the most abundant; and b) High T h from 335 to 385°C (Fig. 14A) and T M ICE from -11 to -16°C (Fig.  14B) , indicating salinities between 15 and 19 wt% NaCl equivalent (with a sharp peak at 16 wt% NaCl equivalent; Fig. 14C ). Bulk fluid density ranges between 0.79 to 0.86 g/cm 3 (Fig. 15 ).
Carbonic-aqueous inclusions (Type III)
Total homogenisation (T H Total ) into the liquid phase was observed between 345 and 385°C, with a mode at 365°C (Fig. 14A ). These inclusions show T MCO2 ranging from -56.4 to -58.3°C. Homogenisation of the carbonic phase (T H CO2 ), typically to a liquid, was in a narrow range of temperatures between 20.4 and 25.3°C. Melting of the CO 2 clathrate (T M Clath ) in the presence of CO 2 liquid occurred between 1.3 and 4.7°C (Fig. 14B) indicating a salinity of 9-13 wt% NaCl equivalent (Fig. 14C) . Bulk fluid densities range between 0.89 and 0.93 gr/cm 3 (Fig. 15 ).
Pressure condition
Trapping pressure can be estimated from the fluid inclusions trapped under immiscible or boiling conditions or if an independent trapping temperature is known (Brown & Hagemann, 1995) . Estimates of trapping pressures for ore-forming fluids in Type II and Type III fluid inclusions were determined using the Touret and Dietvorst (1983) and Diamond (2003) approaches. The highest homogenisation temperature (385°C) is considered as the minimum trapping temperature. The minimum pressure is in the range of 1.6 to 2 kbar (Fig. 16) , suggesting that the Qolqoleh gold deposit must have formed at a depth of at least 7.4 km. This depth and the brittle-ductile nature of the ore zones indicate that Qoqoleh constitutes a mesozonal subtype gold deposit (e.g., Groves et al., 1998; Goldfarb et al., 2005) .
Oxygen and hydrogen isotopes
The gold-bearing quartz-sulphide veins hosted in altered-mineralised metavolcanics and discordant quartz-calcite veins in barren or low-mineralised metavolcanics were analysed for oxygen isotopes (Table 5) . Hydrogen isotope analyses were performed on fluid inclusions released from samples of both quartz vein types (Table 5) .
Oxygen isotopic compositions of hydrothermal water in equilibrium with quartz were estimated utilising extrapolation of the fractionation formula from Clayton et al. (1972) . The fractionation factors were calculated using the mean value of the total homogenisation temperatures of fluid inclusions, plus pressure-corrected temperatures as discussed below. Assuming a quartz-sulphide vein deposition temperature of 369-385°C (based upon the fluid inclusion study outlined above), calculated values for δ 18 O fluid approximately ranged between 7‰ and 9‰. In addition, the δD values are from -40.23‰ to -35.27. This is indicative of an isotopically heavy crustal fluid and likely of little involve- ment of meteoric fluid. Sample locations occupy the field of metamorphic fluids (most orogenic gold deposits), and imply involvement of isotopically metamorphic waters during ore formation (Fig. 20) . Using temperatures of 249-250°C, the calculated δO 18 values of water in equilibrium with the late-stage discordant quartz-calcite veins varies from -5.31‰ to -3.35‰, while the δD values range from -5.65‰ to -75.31‰. These values are clearly lower than those of early-stage quartzsulphide-gold veins, and are close to the meteoric water line. 
Discussion
Hydrothermal alteration and REE mobility
Numerous investigations have been carried out on mobility, fractionation, solubility, and behaviour of REE in hydrothermal and shear zone environments. Rolland et al. (2003) believed that the mobility of REE in the shear zone depended of pH, fO 2 , the fluid composition, P-T conditions, and the availability of CO 3 2-, PO 4 2-, SO 4 2-, F -, and H -ligands in the fluid. In addition, sulphate complexes (Felsche & Herrmann, 1978) , and carbonic fluids (Wendlandt & Harrison, 1979) can control the mobility of REE and preferential fractionation of LREE vs HREE. Furthermore, solubility of the REE in hydrothermal systems can be related to carbonate and fluoride complexes (Wood, 1990; Haas et al., 1995) . Elevated concentrations of REE may reflect availability of complexing agents, mainly SO 4 2-for LREE and F -for HREE (Rolland et al., 2003) . Various ligands may carry and precipitate REE in response to changes in fluid chemistry, due to fluid/rock interaction or fluid mixing processes. The mineralogy and composition of fluid inclusion phases can be used to determine the existence of complexing agents in the hydrothermal fluid. At Qolqoleh, the existence of CO 2 -bearing fluid inclusions and carbonate-pyrite association in veins and shear zones indicates the presence of carbonate and sulphur complexes in the mineralising fluid. It seems that LREE enrichment may not be associated with the presence of CO 2 alone (Rolland et al., 2003) and, possibly, sulphate complexes were involved in LREE enrichment because they preferentially form complexes with LREE (Lewis et al., 1997) .
It seems that LREE enrichment at Qolqoleh resulted from circulation of SO 4 2-and CO 2 -bearing fluids due to regional metamorphism in the shear zones. Likewise, the weak fractionation in modified REE patterns (LREE to HREE) could be related to regional effects of metamorphism (greenschist facies) and sericite-chlorite alteration. Geochemical studies show HREE depletion in metavolcanics of the Qolqoleh shear zone. In some cases, HREE enrichment is attributed to decreasing temperature and availability of OH and F-bearing fluids, which could form complexes preferentially with HREE (Haas et al., 1995) . HREE depletion may relate to leaching of HREE by F-bearing fluids during increased intensity of hydrothermal alteration at Qolqoleh. Rolland et al. (2003) thought that changes in REE concentration were related to fluid/rock interaction in shear zones; hence mobility of REE depends of the stability of REE-bearing minerals and thus, directly to fluid. Therefore, considering the low fractionation degree of the REE pattern, the absence of a Eu anomaly and any evidence of fluid/rock interaction in hanging wall and footwall are indicative of any alteration and deformation.
Eu anomaly
In order to investigate Eu behaviour in the metavolcanics, some samples were taken from ultramylonite and mylonite units. The results indicate the existence of positive and negative Eu anomalies in the mylonite and ultramylonite units, respectively (Fig. 17A, B) . It seems that the positive and negative Eu anomalies are correlated with the intensity degree of plagioclase alteration. O water values are calculated using extrapolation of the fractionation formula from Clayton et al. (1972) The Eu anomalies observed in the REE pattern could be connected to the widespread existence distribution of plagioclase. In mylonitised samples, there is some weak plagioclase alteration to sericite. This could account for the release of some REE from feldspar and mica and REE establishment in secondary sericite. Subsequently, a slight increase in the Eu anomaly (Fig. 17A) and LREE enrichment than HREE are the only chemical changes observed (Schnetzler et al., 1970) . Geochemical studies conducted on strongly altered and deformed rocks have shown the role of these agents in the REE distribution pattern.
Increased intensity of deformation in ultramylonite units led to development of microfractures and ores in the rocks, which facilitated fluid flow and ultimately resulted in an increase of the fluid/rock ratio. This process strengthened/boosted the hydrothermal alteration effect involving feldspars. Therefore, to consider plagioclase as the major carrier and the main source of Eu depletion in these units conforms to the progress of the alteration-deformation process and increasing degree of plagioclase decomposition (Fig. 17B). 
Classification of Qolqoleh gold deposit
The chemistry of vein-forming fluids is remarkably similar in orogenic gold ores of all ages (Groves et al., 2000) . Detailed fluid inclusion studies in most greenstone-hosted orogenic Au deposits have shown ore-fluid to contain consistently about 5 mol% CO 2 , low salinity H 2 O-CO 2 ±CH 4 ±N 2 fluid with low H 2 S, traces of CH 4 and N 2 , and low fO 2 (Groves et al., 1998 (Groves et al., , 2000 Pirajno, 2009 ). Orogenic Fig. 18 . Temperature-salinity diagram for various types of ore deposits (Wilkinson, 2001) . Data from the Qolqoleh deposit plot in the mesothermal deposit field. gold deposits differ from other gold-rich deposit groups in the same terranes, which are formed at uniformly shallow depths (normally 5 km below surface) from highly saline low-CO 2 fluids (e.g. VHMS and porphyry-style deposits) or acidic low-CO 2 fluids (epithermal deposits) and which, characteristically, are either base-metal (±Sn±Mo) and/or silver-enriched (Groves et al., 2000) . The hydrothermal environment of ore-forming fluids at Qolqoleh, based on homogenisation temperature and salinity, was mesothermal (Fig. 18) , which, based on a minimum pressure of 1.7-2 kbar, formed at 6.3 to 7.4 km depth (Fig. 16) . Based on the tectonic setting of the Qolqoleh area and depth of formation, this deposit is classified as an orogenic gold deposit of the mesozonal subtype (e.g., Groves et al., 1998; Goldfarb et al., 2005) . The petrographic and microthermometric characteristics of the fluid inclusions in this type of deposits include small size (>20), low salinity (2 < wt% NaCl < 15) (Roedder, 1984) , homogenisation temperature from 300 to 475°C (Groves et al., 1998) , H 2 O-CO 2 ±CH 4 ±N 2 -rich fluid inclusions, densities from 0.8 to 1.5 gr/cm 3 (Groves et al., 1998; Goldfarb et al., 2005) , gold mineralisation in the brittle-ductile regimes that have undergone greenschist facies metamorphism, and trapping depth for ore-forming fluids (depth of formation) between 6-12 km (Groves et al., 1998) . All of these criteria apply to the Qolqoleh gold deposit. Based upon fluid inclusions data, total homogenisation temperature in the gold-bearing quartz-sulphide veins occurred between 335-385°C (Fig.  14A) , and the main values of density of ore-forming fluids, pressure and depth of mineralisation are 0.79-0.93 gr/cm 3 (Fig. 15 ), 1.7-2 kbar, 6.3-7.4 km (Fig. 16) , respectively. In addition, the presence of aqueous-carbonic inclusions with low salinity (indicator of metamorphic environments) demonstrates the obvious similarity of fluid inclusions of the Qolqoleh brittle-ductile shear zone to ore-forming fluids in orogenic gold deposits.
Source of ore-forming fluids
Fluids responsible for gold mineralisation can originate from various sources including magmatic-hydrothermal (Pattrick et al., 1988; De Ronde et al., 2000) , metamorphic dehydration (Goldfarb et al., 1991; McCuaig & Kerrich, 1998) , meteoric water (Nesbitt et al., 1989; Hagemann et al., 1994) , CO 2 -rich fluids liberated from the mantle (Cameron, 1988 (Cameron, , 1989 Colvine, 1989) , or a mixed source of deep-seated magmatic and shallow meteoric water (Zhang et al., 2005) .
In the orogenic gold deposits, δ
18 O values of hydrothermal fluids are about 5-8 ‰ for Archean greenstone belts, and about 2‰ higher for Phanerozoic gold-bearing belts (Groves et al. 1998) . These deposits also show that the δD values range from -30 ‰ to -80‰ (Guilbert & Park 1997 ). This range is comparable with metamorphic (Burrows & Spooner 1989) and magmatic fluids (So & Yun 1997) . Such data from selected orogenic gold deposits are plotted out of the so-called meteoric water (Hagemann et al. 1994) or reaction with organic matter (Goldfarb et al. 1997) . Results of stable isotope studies demonstrate the role of different fluids in the genesis of quartz-sulphide and quartz-calcite veins during the evolution of the Qolqoleh gold deposit. The δ 18 O and δD values for water in equilibrium with the quartz-sulphide veins plot within the field of metamorphic fluids and orogenic gold deposits (Fig. 19 ). This suggests that the Qolqoleh ore-mineralising fluids originated from devolatilisation during deep metamorphism. Devolatilisation of these units occurred synchronously with, or postdates, the development of penetrative (ductile) structures such as shear zones, folds, regional penetrative fabrics, and during overprinting brittle deformation (Aliyari et al., 2009) . The δ 18 O and δD values of water in equilibrium with the late-stage quartz-calcite veins indicate a meteoric water source (Fig. 19) . Such fluids are nearly neutral, with relatively low S contents, temperatures of about 200 to 350°C and low salinity (Kesler, 2005) . These criteria are consistent with the mineralogy and fluid inclusion data of the Qolqoleh deposit. Faulting, microfracturing, and jointing provided suitable pathways for fluid migration during the final stages of deformation.
Tectonic model for Qolqoleh ore formation
Almost all gold occurrences that have been discovered recently in the northwestern SSZ, formed during the late Zagros orogeny complex. Previous studies (Aliyari et al., 2009; Niromand et al., 2011) indicated that the pre-accretionary gold enrichment in this part of the Zargos shear zone could define a more favourable metal source reservoir for later hydrothermal fluids, and thus, suggest a higher prospectivity for a world-class orogenic gold deposit in the northwestern SSZ. Qolqoleh and other Saqqez-Sardasht-Piranshahr gold occurrences are located in a highly deformed area, close to the eastern edge of the Zagros shear zone and along the structurally complex contact between the Precam- brian basement and the Cretaceous accreted oceanic rocks. Gold mineralisation in the Qolqoleh deposit, which is controlled by ductile and brittle deformation of the volcano-sedimentary rocks, is developed within structurally controlled dilational fractures. Tectonic setting, isotopic composition and fluid inclusion data suggest that collision-related devolatilisation process during deep metamorphism of the Cretaceous volcano-sedimentary sequences to be the main mechanism of ore fluid formation. Aliyari et al. (2009) argued that metamorphic devolatilisation was focused in boundary areas between the S-SE-and N-NE-trending structural domains and constituted the key factor for the metallogenesis of the orogenic gold deposits in the Sanandaj-Sirjan zone. Accordingly, the volcano-sedimentary sequences progressively deformed during the collision of the Arabian continental and central Iranian microcontinental plates in the Late Jurassic-Early Cretaceous. This compressional tectonic regime led to the formation of a ductile shear zone consisting of protomylonite, mylonite, and ultramylonite. Nevertheless, no significant gold mineralisation occurred during the ductile stage due to a lack of favourable channel ways and insufficient heat energy to drive fluid circulation (Aliyari et al., 2009) , until transformation of the tectonic regime from compressional to extensional. During this stage, the uplift of the region induced changes from ductile to brittle regime which in turn caused the distribution of cross structures, fractures, faults, and vein systems. Therefore, changes from compressional to extensional conditions, in association with increasing geothermal gradients (emplacement of intrusive bodies), caused the flow of ascending metamorphic fluids and circulation of gravity-driven fluids (meteoric water), which led to fluid mixing and deposition of sulphide minerals with gold (Fig. 20) .
Conclusions
The Qolqoleh gold deposit is a ductile to brittle-orogenic deposit within the northwestern part of the Sanandaj-Sirjan metamorphic belt. The rocks in the vicinity of the Qolqoleh deposit predominately consist of Cretaceous volcano-sedimentary sequences of phyllite, meta-limestone, cholorite-sericite schist, metavolcanic and Oligocene granitoid rocks that have undergone greenschist facies metamorphism. Geochemical studies indicate that gold mineralisation occurred in the sulphide-quartz veins.
Fluid-rock interaction during evolution of the Qolqoleh shear zone is commonly associated with changes in major and trace elements chemistry. REE behaviour during hydrothermal fluid-rock interaction in the various rock units shows the existence of strong REE enrichment in metavolcanics of shear zone relative to hanging wall (chlorite-sericite schist) and foot wall (meta-limestone). It seems that LREE enrichment resulted from circulation of SO 4 2-and CO 2 -bearing fluids due to episodes of regional metamorphism in the shear zones.
Our investigations demonstrate the spatial and temporal relationships between deformation intensity and element distribution in and adjacent to mylonites and ultramylonites in the Qolqoleh shear zone. Mass transfer calculations indicate that chemical changes that occurred during deformation include enrichment of Si, S, Ca, As, Zn, Cu, Au, Ag, Sb, Bi, Pb, Rb, LOI, and LREE, and depletion of Sr, Ba, Na, Eu, Mg, Th, Cr, Co, and Ni. Relatively immobile components include Al, Ti, Fe, Sc, Y, K, U, P, and HREE (except Eu).
A negative correlation was observed between the Eu/Eu* ratio and gold content, whereas a positive correlation was found between the (La/Yb) n ratio and gold content in mylonitic and ultramylonitic metavolcanics. Mylonitic zones are characterised by a positive Eu anomaly (Eu/Eu* > 1) and lower gold content, whereas ultramylonite units show a negative Eu anomaly (Eu/Eu* < 1) and higher gold content.
Two types of quartz veins are found in the Qolqoleh shear zone: concordant mylonitic quartz-sulphide veins, and discordant mylonitic quartz-carbonate veins. Gold mineralisation occurs in the former. Fluid inclusions microthermometry shows two distinct ranges of homogenisation temperatures (205-255°C and 335-385°C). Both microthermometric and stable isotope data indicate that two types of fluids were involved in the mineralisation, 1) a high-temperature, moderately saline and deep metamorphic fluid which formed quartz-sulphide-gold mineralisation, and 2) low-temperature, low-salinity, meteoric fluid responsible for latestage quartz-calcite mineralisation.
The Qolqoleh gold mineralisation is of the orogenic type (like other deposits: Mute, Kherapeh and Karavian in the Sanandaj-Sirajn Zone). The Cretaceous volcano-sedimentary sequences of the Saqqez-Sardasht-Piranshahr zone which hosts gold deposits was progressively deformed during the continental collision of the Arabian Plate with the Iranian microcontinent. This deformation was accompanied by plutonism and greenschist facies metamorphism. No significant gold mineralisation occurred during ductile deformation and compressional tectonic regime due to a lack of favourable channel ways and insufficient heat energy to drive fluid circulation (Aliyari et al., 2009) . Major gold mineralisation took place when the tectonic regime transformed from compressional to extensional system. In this zone, changes from compressional to extensional regimes, combined with increasing geothermal gradients (emplacement of intrusive bodies), induced remobilisation of considerable amounts of metamorphic fluids and finally deposited sulphide minerals with gold mineralisation.
